Maternal sepsis accounts for 11% of all maternal deaths Background: worldwide. It is the third most common direct cause of maternal death and is a major contributor to other common causes of maternal death, such as haemorrhage and thromboembolism.
Introduction
Maternal sepsis accounts for 11% of maternal deaths worldwide and is the third most common direct cause of maternal death 1 . In addition, sepsis contributes to other common causes of maternal death, such as haemorrhage and thromboembolism. Despite the increased mortality and morbidity in pregnancy and the unpredictable nature of emerging causative organisms (such as novel influenza serotypes), maternal sepsis has not attracted the same attention and research as other leading causes of maternal death 2 . Failure to recognise sepsis early is a significant cause of preventable morbidity, resulting in delayed treatment and escalated care, which are critical if lives are to be saved 3 . Our understanding of the pathophysiology of sepsis has markedly improved, and there is a greater appreciation of the interplay between maternal physiology and sepsis, which has important implications for the diagnosis of sepsis during the antenatal, intrapartum and postpartum periods 4 .
The global burden of maternal sepsis
While sepsis is estimated to cause 9.7%, 11.6% and 7.7% of maternal deaths in Africa, Asia and Latin America/Caribbean respectively, maternal death from sepsis is also increasing in high-income countries [5] [6] [7] [8] [9] . The greatest burden of sepsis-related deaths occurs in the region of Southern Asia, where sepsis accounts for 13.7% of all maternal deaths . Investigators have suggested various factors, including increased antibiotic resistance, maternal age, co-morbidities and microbiological factors such as an increased incidence of Escherichia coli and group A streptococcal infections 7 . In 2014, the UK Obstetric Surveillance System reported a prospective casecontrol study of 365 confirmed cases of severe maternal sepsis and 757 controls from all UK obstetrician-led maternity units from 1 June 2011 to 31 May 2012 11 . The incidence of severe sepsis was 4.7 out of 10,000 maternities, and five women died (1.4%). Genital tract infection (31.0%) and the presence of E. coli (21.1%) were the most common causes of sepsis. Women had statistically significantly increased risks of severe sepsis if they were from ethnic minority groups or had co-morbidities. The study concluded that the rapid progression to severe sepsis highlights the importance of following the International Surviving Sepsis Campaign (SSC) guideline of early administration of high-dose intravenous (IV) antibiotics within 1 hour of hospital admission for anyone with suspected sepsis 12 .
Maternal sepsis can be caused directly by genital tract infections or indirectly by systemic infections such as pneumonia. In the UK, direct infection was the leading cause of maternal death between 2006 and 2008 (1.13 out of 100,000 maternities [26 individuals], having risen from 0.85 out of 100,000 maternities [18 individuals] in the previous triennium) 13 . The latest triennial report 14 of the Confidential Enquiry into Maternal Deaths (2014-2016) revealed a lower incidence of direct infection-related mortality of 0.48 out of 100,000 maternities (11 individuals). This is thought to be due to increased awareness of sepsis among UK obstetricians as a result of the Royal College of Obstetricians and Gynaecologists (RCOG) Green Top Guidelines and the nationwide implementation of the SSC.
However, these figures do not include indirect causes of infection, such as pneumonia or influenza, nor do they account for deaths from major obstetric haemorrhage, secondary to uterine atony or disseminated intravascular coagulation caused by sepsis, which claimed four lives in the UK from 2014 to 2016 14 .
Risk factors for maternal sepsis and septic shock
There are a number of risk factors associated with sepsis and progression to septic shock, which can be categorised as obstetric-related or patient-related risk factors.
Obstetric-related risk factors
The largest independent obstetric risk factor for postpartum maternal sepsis is operative intervention, and caesarean section (CS) is associated with a 5 to 20% increase in infectious morbidity compared with vaginal birth 15 . CS after the onset of labour poses the greatest risk, followed by elective CS and then operative vaginal delivery, although antibiotic prophylaxis and sterility are standard practice in the UK 16 . Other obstetricrelated risk factors include cervical cerclage, prolonged rupture of the membranes, a history of pelvic infection, a history of group B streptococcal infection or group A streptococcus in close contacts or family members, vaginal discharge, multiple pregnancy, retained products of conception, preterm prelabour rupture of membranes (PPROM) and amniocentesis or other invasive procedures 10, 13 .
Patient-related risk factors
According to the UK Obstetric Surveillance System report, patient-related risk factors for maternal sepsis include primiparity, pre-existing medical conditions, ethnic minority status, febrile illness or antibiotic use in the 2 weeks prior to presentation 11 . Co-morbidities which have an independent association with maternal sepsis include congestive heart failure, chronic liver or renal failure, human immunodeficiency virus infection, systemic lupus erythematosus and diabetes 10, 13 . The incidence of maternal sepsis is also a prime example of health inequality. There is a strong social gradient associated with maternal sepsis, and the incidence of maternal sepsis is significantly and progressively associated with lower socioeconomic status. In the US, reliance on healthcare through Medicaid is independently associated with development of maternal sepsis 10, 16 . Furthermore, socioeconomic deprivation is associated with a higher incidence of CS, which in itself is an independent risk factor for developing maternal sepsis 16 .
Sources of infection and causative microorganisms
The most common source of maternal infection in the UK is pneumonia, followed by genital tract sepsis. Pneumonia is more common in the intrapartum period, and genital tract sepsis, in association with vaginal birth and obstetric interventions, is more common in the postpartum period 16 .
Group A streptococcal genital tract infections
In the UK, the spike in maternal mortality from sepsis during the 2006-2008 triennium was attributed to an increase in group A streptococcal (Streptococcus pyogenes) genital tract infections, which were responsible for 50% of direct maternal deaths
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. Group A streptococcus is a common cause of bacterial throat infections in children, and all 13 pregnant women who died from group A streptococcal genital tract infections from 2006 to 2008 in the UK either had worked or were working closely with young children. In addition, streptococcal pharyngitis is most common between December and April, which corresponds to the peak timing of maternal deaths.
With its array of surface proteins such as lipoteichoic acid and M proteins that adhere to and allow invasion of epithelial cells, S. pyogenes can invade intact epithelium. This facilitates invasive infections such as necrotising fasciitis, genital tract infections, or pneumonia 17 . Once S. pyogenes has invaded the host, it can evade phagocytosis because of the presence of a hyaluronic acid capsule, which allows multiplication within the host 18 . Following invasion, S. pyogenes can cause toxic shock syndrome due to super-antigens such as streptococcal pyrogenic exotoxins, which directly activate T cells without the need for an antigen-presenting cell. This causes massive cytokine production and subsequent multiple organ failure 19 . The UK Obstetric Surveillance System identified that group A streptococcal genital tract infections were strongly associated with progression to septic shock and were associated with worse outcomes than E. coli infections, although E. coli is the most common cause of genital tract infections. About 50% of patients with proven group A streptococcal infections progress to septic shock with a greater rapidity in deterioration compared with infections by other organisms
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. Since postpartum women are 20 times more likely than non-pregnant women to develop a group A streptococcal infection, awareness of the infection is essential to reduce maternal mortality from sepsis 20 .
Escherichia coli
A prospective review of 150,043 pregnancies between 2005 and 2012 identified that E. coli was the most common pathogen, accounting for 37% of maternal sepsis cases, and was the predominant pathogen in the antenatal period
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. A further analysis highlighted that E. coli infection was most common in the third trimester, and 55% of cases were urinary tract infections and 45% of cases were genital tract infections 22 . In that study, 27% of E. coli infections resulted in fetal death, which was due mainly to chorioamnionitis following PPROM, demonstrating the severe impact that bacteraemia has on fetal outcomes 22 .
Influenza
Influenza virus infections contribute significantly to the incidence of maternal sepsis, particularly during pandemic years. Influenza symptoms are more severe in pregnancy and result in a four-to five-fold increase in serious illness and the need for hospitalisation 23 . Influenza infection during pregnancy is most common in the second and third trimesters and in the early postpartum period and is associated with higher rates of preterm birth and poor fetal growth 24 . The novel H1N1 strain of influenza A resulted in the swine flu pandemic which reached its peak in 2009 and, according to the Centers for Disease Control and Prevention, claimed the lives of 30 women, which was 5% of total deaths from H1N1 in the US in 2009 25 . The Mothers and Babies: Reducing Risk through Audits and Confidential Enquiries across the UK (MBRRACE-UK) report from 2009 to 2012, which coincided with the swine flu pandemic, found that 1 in 11 maternal deaths was due to influenza infections in the UK and Ireland 26 . Accordingly, influenza vaccination is recommended for all pregnant women at any stage of pregnancy, and pregnant women are listed as a high priority for influenza vaccination by the World Health Organization (WHO) 27 . Uptake of the influenza vaccine by pregnant women has been suboptimal; the percentage of pregnant women who received the vaccine in the UK in 2017/18 was only 47%, which is far below the WHO-recommended uptake of 75% 28 . Oseltamivir, a neuraminidase inhibitor, is recommended as a first-line therapy for pregnant women infected with influenza and, given within the first 48 hours of infection, can reduce the severity of symptoms and the length of illness 29 .
Diagnosing maternal sepsis
A move away from systemic inflammatory response syndrome criteria The international definition of sepsis was changed in 2016 by the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) Committee 30 . The definition of sepsis is now "life threatening organ dysfunction caused by a dysregulated host response to infection" 30 . Further subsets of patients who have "septic shock" include those who require vasopressors to maintain a mean arterial pressure of at least 65 mm Hg and who have a serum lactate level of at least 2 mmol/L. This was a major shift from the previous Sepsis-2 definition, which required patients to have at least two systemic inflammatory response syndrome (SIRS) criteria as well as a confirmed or suspected infection for "sepsis" to be diagnosed. Patients who met these criteria and had organ dysfunction were classed as having "severe sepsis", and patients who had hypotension which did not respond to fluid resuscitation were classed as having "septic shock".
The new Sepsis-3 definition has removed the definition of sepsis without organ dysfunction, made the term "severe sepsis" redundant, and has removed the SIRS criteria which were previously used to screen for sepsis. The committee felt that SIRS focussed inappropriately on inflammation rather than organ dysfunction, and the authors concluded that the SIRS criteria, as a screening tool, lacked validity since 1 in 8 patients admitted to intensive care units (ICUs) with infection and new organ dysfunction did not meet the SIRS criteria 31 . The authors also felt that, according to a retrospective analysis 32 , SIRS criteria lacked discriminant validity as many patients who did not develop infection or organ dysfunction meet the SIRS criteria.
To match the diagnosis of sepsis with the new definition, the committee decided to use the sequential organ failure assessment (SOFA) scoring system. SOFA assesses the function of multiple organ systems (respiratory, coagulation, liver, cardiovascular, central nervous system, and renal) on a scale from 0 to 4 on the basis of a variety of parameters. It is commonly used in the ICU to predict mortality, where higher scores are associated with poorer outcomes. Organ dysfunction was defined as an acute change in the SOFA score of at least 2 points. This was predictive of a 10% mortality rate in patients who were suspected of having an infection 33 . The baseline SOFA score was considered to be 0 in patients without pre-existing organ dysfunction. Calculating the SOFA score requires variables such as partial pressure of arterial oxygen (PaO 2 ), bilirubin, platelet count, creatinine and urine output, which are impractical during the initial assessment of a patient with suspected sepsis. Accordingly, a quick SOFA (qSOFA) score has been advocated by the Sepsis-3 committee for patients outside the ICU. This score uses three variables that have been demonstrated, through multivariate logistic regression analysis, to predict inpatient mortality 30 . These variables are tachypnoea (respiratory rate of at least 22 breaths per minute), hypotension (systolic blood pressure of not more than 100 mm Hg) and altered level of consciousness (Glasgow Coma Score scale of not more than 14), and patients having at least two of these features are classed as being at high risk of poor outcomes following sepsis. Outside the ICU, qSOFA, compared with SIRS and SOFA, is a better predictor of mortality. Septic patients with a qSOFA score of at least 2 had a mortality rate of 24% 34 . These changes are summarised in Table 1 .
The challenges of diagnosing maternal sepsis
The physiological adaptations of pregnancy can make the clinical signs of sepsis more insidious in pregnant women. Pregnancy is associated with a hyperdynamic circulation, and there is a 30 to 50% increase in circulating volume by 28 weeks of gestation. This hyperdynamic circulation can mask cardiovascular signs of sepsis, when, owing to vasodilation, pregnant women experience a drop in systolic and diastolic blood pressure, particularly in the first trimester, and a compensatory sinus tachycardia 35 . Tachypnoea caused by sepsis can be confused with the physiological tachypnoea in pregnancy caused inter alia by elevated progesterone levels. Maternal physiological parameters overlap with current SIRS criteria, so modifications to SIRS criteria are required to identify maternal sepsis 36 . Apart from temperature, all other components of the SIRS criteria overlap with the physiological parameters of healthy pregnant women during the second and third trimesters and intrapartum. In addition, the qSOFA score includes components that may overlap with maternal physiology. The lack of a rapid screening tool that incorporates physiological changes in pregnancy has been blamed for delays in the diagnosis of maternal sepsis. This was a common and avoidable contributing factor in many of the cases during the spike in deaths from maternal sepsis in the UK between 2006 and 2008 7 . In the UK, the RCOG recommends the use of the Modified Early Obstetric Warning System (MEOWS) to detect signs of sepsis and to trigger escalation to senior review of The new guidelines have removed the term "severe sepsis" and require evidence of organ dysfunction in order for a patient to be classed as being septic.
patients with features of concern, as it has been demonstrated to have an 89% sensitivity and 79% specificity in identifying maternal morbidity when validated amongst 676 patients in a UK hospital 37 . The parameters included in MEOWS are outlined in Table 2 . Many other obstetric early-warning systems, such as the Maternal Early Warning Score (MEWS) and the Maternal Early Warning Trigger Tool (MEWT), are available. These tools, particularly the MEWT tool, which is aimed at early identification and treatment of the four commonest causes of maternal morbidity (sepsis, haemorrhage, cardiopulmonary dysfunction, and hypertension), have shown promise. When first introduced, this reduced severe maternal morbidity by 18% 38 . However, the positive predictive value (PPV) of these tools for sepsis is low. The MEWT has a 7% PPV for sepsis, and six other early warning scores have a sensitivity of between <2 and 15% for sepsis in women with chorioamnionitis. This emphasises that the identification of sepsis cannot be provided by a single tool but requires an individual, holistic approach 38, 39 .
Management of maternal sepsis Identification of maternal sepsis
Since 2004, the SSC has published protocols for the initial management of patients with sepsis. The latest 2018 "Hour-1 bundle" consists of five elements of care, which should be initiated within the first hour of the recognition of sepsis 40 . The elements are lactate measurement, blood cultures prior to antibiotics, administration of broad-spectrum antibiotics, administration of a 30-mL/kg crystalloid fluid bolus in cases of hypotension or high serum lactate levels (hyperlactataemia) of at least 4 mmol/L, and administration of vasopressors to maintain a mean arterial pressure of at least 65 mm Hg. The UK Sepsis Trust has adapted the SSC bundle to include six elements known as the "Sepsis Six", which also include administration of high-flow oxygen and monitoring of urine output within the first hour of recognition of sepsis. Simplified pathways, such as the Sepsis Six, have been shown to increase delivery of all elements of the SSC bundle and to reduce mortality by up to 50% 41 . Measurement of serum lactate is advocated in sepsis, as hyperlactataemia is a marker for anaerobic metabolism subsequent to tissue hypoperfusion, although other factors such as mitochondrial dysfunction, microcirculatory failure, reduced oxygen extraction, increased glycolytic flux due to an endogenous catecholamine surge during sepsis, and hepato-renal dysfunction (70% of lactate is eliminated by the liver), resulting in decreased lactate elimination, have been implicated 42 . Elevated lactate has been positively associated with the need for ICU admission in obstetric patients, and every 1-mmol/L increase in lactate is associated with a 2.34-fold increased risk in the need for ICU admission 43 . Accordingly, lactate may permit early identification of pregnant women with sepsis, who need immediate critical care.
Antibiotics in maternal sepsis
The use of early, appropriate antibiotics is crucial in the management of maternal sepsis. Accordingly, they play an important role in the SSC guidelines. The importance of early antibiotics is highlighted by a retrospective analysis of 2731 ICU admissions for septic shock, which showed a 7.6% decrease in survival for every hour of delay in antibiotic administration after the onset of hypotension 44 . Early involvement of infectious disease specialists is also recommended when making decisions about antimicrobial therapy 13 .
Initial antibiotics administered in sepsis should be broadspectrum, administered within one hour of suspected sepsis, after blood for culture has been taken. Genital tract infections are often polymicrobial, and group A streptococcus and E. coli are commonly associated with severe infections, hence the need for empirical broad-spectrum antibiotics that cover Gram-positive, Gram-negative and anaerobic organisms before culture results are available. The exotoxins produced by group A streptococcus can cause rapid deterioration and streptococcal toxic shock syndrome. Clindamycin has been shown to inhibit exotoxin production by group A streptococcus and should be administered with broad-spectrum antibiotics to improve clinical outcome 45 . Administration of IV immunoglobulin to neutralise exotoxins may improve outcomes from toxic shock syndrome and is recommended by the RCOG 13, 46 . Prophylactic antibiotics prior to operative obstetric intervention should be considered mandatory, and prophylaxis with IV azithromycin in addition to IV cefazolin, compared with the use of IV cefazolin alone, results in a significant reduction in the incidence of postoperative infections, endometritis and wound infection 47 .
Ventilation strategies in the management of pregnant women with severe sepsis Ventilation strategies for septic pregnant women may have to be adapted from the general population with sepsis. The maternal arterial PaO 2 should be maintained at more than 70 mm Hg and partial pressure of carbon dioxide (PaCO 2 ) at less than 60 to 70 mm Hg to ensure fetal oxygenation and placental perfusion 48 . Acute respiratory distress syndrome (ARDS) has a mortality rate of 23% in the antepartum period and 50% in the postpartum period 48 . Prone ventilation in pregnancy is associated with significant improvements in oxygenation of pregnant women with severe ARDS 49, 50 . The PROSEVA (Proning Severe ARDS Patients) trial demonstrated a reduced mortality in severe ARDS with prone ventilation, and the 2016 SSC guidelines recommend that prone ventilation should be administered to adults with ARDS of septic origin with a PaO 2 /FiO 2 (PaO 2 /fraction of inspired oxygen) ratio of less than 150. Accordingly, prone ventilation may become increasingly used in pregnant women with sepsis 51 . In addition, the SSC strongly recommends low tidal volume ventilation in ARDS of 6 mL/kg and an upper limit plateau pressure of 30 cm H 2 O on the basis of evidence from several clinical trials that have demonstrated benefit from lung-protective ventilation strategies 52 .
Extracorporeal membrane oxygenation
As a treatment for respiratory failure in patients in the ICU, extracorporeal membrane oxygenation (ECMO) has been used increasingly during pregnancy, particularly during the H1N1 epidemic of 2009. There were fears of potential fetal harm and bleeding with ECMO, but outcomes were comparable to those of the non-pregnant population. The rates of maternal and fetal survival were 80% and 70% respectively, and there was no significant increase in haemorrhage
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. The dangers of refractory hypoxia on maternal and fetal outcome, combined with higher mortality rates with ARDS in pregnancy, make ECMO an increasingly viable rescue therapy. Delivery of the fetus may be necessary in cases of persistent maternal hypoxia since this may improve maternal ventilation and oxygenation through improved lung compliance and less splinting of the diaphragm. However, case series have expressed caution with this assumption 54 .
Case studies
We present summaries of two case studies from 2018. Both cases were reviewed by one of the co-authors (RFL) to produce medicolegal reports, one of which was requested by a hospital in preparation for a Coroner's Court Enquiry.
Septic shock following preterm prelabour rupture of membranes 1. A multiparous, 38-year-old 
Conclusions
Maternal sepsis remains a significant cause of morbidity and mortality in pregnancy. The terminology of sepsis has recently changed, and it is important from both a clinical and research viewpoint to remain up to date and understand this change. Further research into risk factors for maternal sepsis is required to reduce the incidence and to facilitate early identification and treatments that were previously considered not feasible in pregnant women. Interventions such as ECMO and prone ventilation have gained increasing support and require larger studies to assess their role in the management of maternal sepsis.
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